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Abstract

STING (stimulator of interferon genes) is a central molecule that binds to cyclic dinucleotides produced by the cyclic GMP-
AMP synthase (cGAS) to activate innate immunity against microbial infection. Here we report that STING harbors classic
LC-3 interacting regions (LIRs) and mediates autophagy through its direct interaction with LC3. We observed that poly(dA:
dT), cGAMP, and HSV-1 induced STING-dependent autophagy and degradation of STING immediately after TBK1
activation. STING induces non-canonical autophagy that is dependent on ATGS, whereas other autophagy regulators such as
Beclinl, Atg9a, ULK]1, and p62 are dispensable. LIR mutants of STING abolished its interaction with LC3 and its activation
of autophagy. Also, mutants that abolish STING dimerization and cGAMP-binding diminished the STING-LC3 interaction
and subsequent autophagy, suggesting that STING activation is indispensable for autophagy induction. Our results thus
uncover dual functions of STING in activating the immune response and autophagy, and suggest that STING is involved in

ensuring a measured innate immune response.
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Introduction

Innate immunity is the first barrier for defending host cells
against invading microbial pathogens, which are recognized
by diverse pattern recognition receptors (PRRs). Pathogen-
derived DNA is sensed by cytosolic DNA sensors such as
cyclic GMP-AMP synthase (cGAS), which directly binds to
DNA and further catalyzes the synthesis of cyclic GMP-
AMP (cGAMP) from ATP and GTP [1, 2]. cGAMP serves
as a second messenger and forms a complex with the
endoplasmic reticulum (ER)-resident protein STING (sti-
mulator of interferon genes; also known as MITA, ERIS or
MPYS) [3-6], leading to its conformational change and
self-activation. Subsequently, STING traffics from the ER
through the Golgi apparatus and ultimately to the peri-
nuclear compartments [7, 8]. During this process, TBK1
(TANK-binding kinase 1), a pivotal kinase of innate
immunity cascades, is recruited to STING and activated,
leading to the subsequent phosphorylation of transcription
factor IRF3 (interferon regulatory factor 3). The phos-
phorylated IRF3 further dimerizes and translocates into the
nucleus, initiating transcription of the gene encoding type I
interferon (IFN) [9]. In addition, STING also triggers a
series of signaling cascades to induce transcription factor
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NF-xB to enter the nucleus, resulting in the expression of
inflammatory cytokines such as TNF, IL-1p, and IL-6 [10].

The human STING protein has 379 amino acids and
comprises three functional domains. The first domain con-
tains four N-terminal transmembrane helices (TM1-TM4)
that anchor STING to the ER; the second is a central c-di-
GMP-binding domain (CBD) that binds the bacterial second
messenger cyclic di-GMP and mediates homodimerization
for activation of STING; and the third domain is a cyto-
plasmic C-terminal tail (CTT) that is responsible for TBK1
and IRF3 activation [11]. As a pivotal regulator of innate
immunity cascades, STING activity must be tightly regu-
lated to ensure a measured response, and STING-mediated
immune activation must also be terminated in a timely
manner to prevent excessive STING activation. Protein
post-translational modifications including phosphorylation
and ubiquitination have been reported to fine-tune STING-
mediated innate immunity responses. It has been found that
TBK1 phosphorylates STING at several serine residues and
positively regulates STING signaling cascades [6, 12, 13].
A series of E3 ubiquitin ligases, such as TRIM56, TRIM32,
RNFS, and RNF26, participate in regulating STING
activation by augmenting or attenuating its polyubiquitina-
tion [14-17]

Autophagy is a fundamental cellular process in eukar-
yotes that involves sequestration of cytosolic constituents
within double membrane-bound autophagosomes which are
subsequently fused with endolysosomal vesicles, leading to
degradation and recycling of the sequestered substrates.
Autophagy is thus a highly conserved intracellular degra-
dation process for eliminating damaged organelles, protein
aggregates and invading pathogens in eukaryotes [18].
Emerging evidence shows that autophagy functions in
multiple biological processes including innate immune
responses, inflammation, and Wnt signaling [19-22]. Con-
versely, a number of innate immunity-related proteins have
been found to control autophagy. TBK1 has been reported
to promote selective autophagy by phosphorylating autop-
hagy receptors such as p62, OPTN [23-26]. STING parti-
cipates in regulation of autophagy flux, leading to cell death
in breast cancer cells [27]. Recently, STING was found to
sense live gram-positive bacteria and to trigger ER-phagy
[28]. In addition, Atg9a was reported to limit dsDNA-
induced innate immune responses by controlling the trans-
location of STING [7]. Serine/threonine UNC-51-like
kinase (ULK1/ATG1) has been reported to phosphorylate
STING at serine 366 (S366) and promote subsequent
STING degradation, which serves as a negative-feedback
control of STING activity and prevents the persistent acti-
vation of innate immune responses [29]. Also, p62/
SQSTMI mediates STING degradation and attenuation of
the response [30]. These studies highlight the interplay
between autophagy and STING-mediated innate immunity.
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However, the precise mechanism by which STING reg-
ulates autophagy remains unclear. In this study, we found
that STING is a potential autophagy receptor and directly
interacts with LC3 via its LIR motifs to mediate autophagy
and its own autophagic degradation to tune the innate
immune responses.

Results

Poly(dA:dT) and cGAMP induce STING-dependent
autophagy and its autophagic degradation

STING functions as a direct sensor of cyclic dinucleotides
(CDNps) to activate innate immunity signaling pathways. As
expected, poly (dA:dT) and cGAMP, two activators of the
STING pathway, were able to induce TBK1 phosphoryla-
tion, a commonly used indicator of STING activation, in
MEF cells at 1h and 2h, respectively (Supplementary
Fig. la and b). Interestingly, poly(dA:dT) and cGAMP
promoted LC3-II conversion, a biochemical hallmark of
autophagy, at 2 or 8 h (Supplementary Fig. la and b).
However, this conversion was completely blocked in Sting
knockout cells (Fig. la, d). Immunofluorescence analysis
showed that poly(dA:dT) and cGAMP induced the forma-
tion of LC3 puncta, and this was largely abrogated in Sting
knockout MEF cells (Fig. 1b, c, e and f). We also noticed
that poly(dA:dT) and cGAMP treatments significantly
reduced the protein levels of STING as early as 1 and 4 h
after TBK1 activation (Supplementary Fig. la and b,
Fig. 1a, d). As shown in Fig. 1g, h, poly(dA:dT)-induced
and cGAMP-induced STING degradation were blocked by
treatment with the lysosome inhibitor chloroquine (CQ),
while the proteasome inhibitor MG132 was less effective
in preventing STING degradation (Fig. 1i and Supple-
mentary Fig. 1c). Collectively, these results provide evi-
dence that activation of STING signaling is followed by
autophagy induction and the autophagic degradation of
STING itself.

STING induces ATG5-dependent autophagy

We next asked how STING triggers autophagy. The ectopic
expression of STING markedly increased the levels of LC3
and p62 puncta in both HelLa and wild-type MEF cells
(Fig. 2a, b). This was accompanied by p62 degradation and
LC3-II conversion, whereas there was no obvious changes
in the mitochondrial protein ATPB or the ER protein Cal-
nexin (Fig. 2¢), which indicates that ectopic expression of
STING has little, if any, effect on ER-phagy. Similarly,
STING augmented the formation of LC3 and p62 puncta in
MCEF-7 and HepG2 cells (Supplementary Fig. 2a—d). EM
analysis also revealed an increased number of autophagic
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Fig. 1 Poly(dA:dT) and cGAMP induce STING-dependent autophagy
and degradation of STING. a Immunoblot analysis of LC3-II
expression levels in Sting wild-type and knockout MEF cells stimu-
lated by poly(dA:dT) at a final concentration of 1 pg/ml. Quantification
of LC3-II expression levels in a is shown in the right panel (mean + s.
d.; from three independent experiments). *P <0.05, **P <0.01. b Sting
wild-type and knockout MEFs were transfected with a plasmid
expressing GFP-LC3 and stimulated with or without poly(dA:dT) for
8 h. Images were then captured by confocal microscopy. Scale bar: 10
um. ¢ The numbers of GFP-LC3 dots per cell in b were quantified
(mean + s.d.; n> 100 cells from three independent experiments). ***P
<0.001. ns, not significant. d cGAMP was used to stimulate Sting
wild-type and knockout MEFs for the indicated time, and cell lysates
were then subjected to western blotting analysis of LC3-II conversion.
Quantification of LC3-II expression levels in d is shown in the right
panel (mean+s.d.; from three independent experiments). “P <0.05,
*P<0.01. e Sting wild-type and knockout MEFs were transfected
with the GFP-LC3 plasmid and then treated with or without cGAMP at
a final concentration of 5 ug/ml for 8 h. Formation of LC3 puncta was

vesicles in cells transfected with wild-type Flag-STING
(Supplementary Fig. 2e). Additionally, Chloroquine
enhanced the level of LC3-II, suggesting that STING alone

then examined by immunofluorescence microscopy. Scale bar: 10 um.
f Quantification of the numbers of LC3 dots per cell (mean +s.d.; n>
100 cells from three independent experiments). “**P <0.001. ns, not
significant. g Poly(dA:dT) was used to stimulate MEF cells for the
indicated time without or with chloroquine (CQ) treatment. Western
blotting was used to detect protein expression levels with the indicated
antibodies. Quantification of STING expression levels is shown below
the Fig. 1(g) (mean +s.d.; from three independent experiments). *P <
0.05. h cGAMP was used to stimulate MEF cells for the indicated time
without or with chloroquine (CQ) treatment. Western blotting was
used to detect protein expression levels with the indicated antibodies.
Quantification of STING expression levels is shown below the Fig. 1
(h) (mean+s.d.; from three independent experiments). “P<0.05. i
Poly(dA:dT) was used to stimulate MEF cells for the indicated time
without or with chloroquine (CQ) or MG132 treatment, and the cell
lysates were subjected to immunoblot analysis. Quantification of
STING expression levels is shown below the Fig. 1(i) (mean+s.d.;
from three independent experiments). *P <0.05

induces autophagic flux (Fig. 2d). Also, poly(dA:dT) sti-
mulation greatly increased the autophagic flux in Sting
wild-type but not in knockout cells (Supplementary Fig. 2f

SPRINGER NATURE
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Fig. 2 STING overexpression induces ATGS5S-dependent autophagy.
a HeLa and MEF cells were transfected with GFP-LC3 (green) plas-
mid together with an empty vector (Flag-3.0) or Flag-STING plasmid
for 24 h. The cells were fixed and stained with anti-Flag antibodies
(red) and anti-p62 antibodies (purple), and images were then captured
by confocal microscopy. Scale bar: 10 um. b The numbers of GFP-
LC3 dots per cell in (a) were quantified (mean+s.d.; n>100 cells
from three independent experiments). “**P <0.001. ¢ HeLa cells were
transfected with a control Flag vector or a Flag-STING plasmid (0.2
pg/ml and 0.5 pg/ml, respectively) for 24 h. Marker proteins for
autophagy (LC3 and p62), mitochondria (ATPB) and the endoplasmic
reticulum (Calnexin) were detected by immunoblotting analysis.
Quantification of LC3-II expression levels in ¢ is shown in the right
panel (mean +s.d.; from three independent experiments). *P <0.05. d
Immunoblot analysis of LC3-1I expression in HeLa cells that were
transfected with Flag vector or Flag-STING without or with

and 3a). As shown in Fig. 2e—g and Supplementary Fig. 3b,
¢ STING-induced LC3 punctum formation and autophagic
flux were blocked when ATG5 was knocked down in HeLa
cells. Furthermore, poly(dA:dT) and cGAMP-induced
autophagy were also blocked in Azg5 and Azg7 knockout
MEF cells (Supplementary Fig. 3d-i). However, knock-
down of BECNI failed to prevent STING-induced and poly
(dA:dT)-induced LC3-II conversion or the accumulation of
LC3 dots (Fig. 3a—c, Supplementary Fig. 4a, and d). ULK1,

SPRINGER NATURE

chloroquine (CQ) treatment at a final concentration of 25 uM/ml.
Quantification of LC3-II expression levels in d is shown in the right
panel (mean+s.d.; from three independent experiments). *P <0.05.
e HeLa cells expressing ATG5-SC (scramble control) and ATG5-KD
shRNAs were co-transfected with GFP-LC3 plasmid, Flag vector or
Flag-STING plasmid for 24 h. The cells were fixed, stained and further
visualized by confocal microscopy. Scale bar: 10 um. f The numbers
of GFP-LC3 dots per cell in e were quantified (mean +s.d.; n> 100
cells from three independent experiments). “**P < 0.001. ns, not sig-
nificant. The inset shows immunoblot analysis of ATG5 KD HelLa
cells (expressing ATGS5 shRNA) and control cells (expressing scramble
shRNA). g Immunoblot analysis of LC3 protein levels in ATG5 KD
and control ATGS SC cells transfected with Flag-vector or Flag-tagged
STING plasmid (0.2 pg/ml and 0.5 pg/ml, respectively). Quantification
of LC3-II expression levels in g is shown in the right panel (mean +s.
d.; from three independent experiments). *P < 0.05

the key kinase for autophagy initiation, was reported to
phosphorylate STING and promote subsequent STING
degradation to prevent sustained innate immune signaling
[29]. However, knockout of ULK] failed to block STING-
induced and poly(dA:dT)-induced LC3-II conversion and
LC3 punctum formation, indicating that ULKI is dis-
pensable for STING-induced autophagy (Fig. 3d-f, Sup-
plementary Fig. 4b, and e). Surprisingly, knockout of Azg9a
also did not prevent STING-induced and poly(dA:dT)-
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Fig. 3 STING-induced autophagy is independent of BECN1, ULKI
and Atg9a. a Immunoblot analysis of LC3-II expression levels in
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three independent experiments). *P < 0.05. b BECNI knockdown cells
and control cells were transfected with GFP-LC3 plasmid together
with Flag-vector or Flag-STING plasmid. LC3 dot formation was
examined by immunofluorescence microscopy. Scale bar: 10 um. ¢
The numbers of GFP-LC3 dots per cell in b were quantified (mean +s.
d.; n>100 cells from three independent experiments). ***P <0.001.
The inset shows immunoblot analysis of BECNI KD HeLa cells
(expressing BECNI shRNA) and control cells (expressing scramble
shRNA). d Flag-vector and Flag-STING plasmids were transfected
into ULK1 wild-type and knockout cells for 24 h, followed by western
blotting assays of LC3-II conversion. Quantification of LC3-II
expression levels in d is shown in the right panel (mean +s.d.; from
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knockout cells were transfected with GFP-LC3 and Flag-vector or
Flag-STING plasmids, and images were captured by confocal micro-
scopy. Scale bar: 10 um. f Quantification of the numbers of LC3 dots
per cell in e (mean+s.d.; n>100 cells from three independent
experiments). “**P <0.001. The inset shows immunoblot analysis of
ULK]1 knockout HeLa cells and wild-type cells. g Western blotting
analysis of LC3-II expression levels in Azg9a wild-type and knockout
HelLa cells transfected with Flag-vector or increasing amounts of Flag-
STING plasmid. Quantification of LC3-II expression levels in g is
shown in the right panel (mean=+s.d.; from three independent
experiments). “P <0.05, **P <0.01. h Azg9a wild-type and knockout
HeLa cells were transfected with plasmids expressing GFP-LC3 and
Flag-vector or Flag-STING. Formation of LC3 puncta was detected by
immunofluorescence microscopy. Scale bar: 10 um. i Quantification of
the numbers of LC3 puncta per cell in h (mean +s.d.; n> 100 cells
from three independent experiments). ***P < 0.001. The inset shows
immunoblot analysis of Azg9a knockout HeLa cells and wild-type cells
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induced autophagy (Fig. 3g—i, Supplementary Fig. 4c, and
f), although a previous report suggested that Atg9a controls
STING translocation from the Golgi apparatus and regulates
the innate immune response [7]. P62 was reported to
mediate STING degradation through autophagy [30];
however, we found that STING induced autophagy in p62
knockout cells (Supplementary Fig. 4g-i). Collectively,
these results show that STING induces a non-canonical
form of autophagy that is dependent on ATGS, but not
Beclinl, ULK1, Atg9a or p62.

STING has autophagy receptor properties and
directly interacts with LC3 via its LIR motifs

Our results above revealed that STING plays a role in
autophagy induction and is also subjected to autophagic
degradation. One possibility is that STING functions as an
autophagy receptor that directly interacts with LC3 to pro-
mote selective autophagy for subsequent autophagic
degradation. We tested this hypothesis with co-
immunoprecipitation experiments, which revealed that
both endogenous LC3-II and GFP-tagged LC3 bind to
ectopically expressed STING (Fig. 4a, b). Furthermore,
pulldown analysis showed that LC3 and STING physically
interact, as STING was pulled down by purified glutathione
S-transferase (GST)-LC3, but not the GST control (Fig. 4c).
It is well known that autophagy receptors such as p62 and
Atg32 share a typical linear amino acid motif, called an
LC3-interacting region (LIR), with a consensus sequence of
W/YxxL/T [31, 32]. Using the iLIR server to predict
potential LIR motifs in the STING protein [33], we iden-
tified seven putative LIRs (Fig. 4d and Supplementary
Fig. 5a). To determine whether these LIR motifs are of
functional importance for STING-induced autophagy, we
generated a series of LIR mutations, named as mutLIR1-7,
in which the first and the fourth conserved amino acids in
the W/YxxV/L motif were mutated to alanine (A). Subse-
quently, these STING LIR mutants were transfected into
Sting knockout HeLa cells. We found that the formation of
LC3 puncta was greatly impaired in the presence of three
single LIR mutants, mutL.IR4, 6, and 7, and a triple-LIR
mutant, mutLIR4/6/7 (Fig. 4e, f). These three LIR motifs
are highly conserved from Danio rerio to Homo sapiens
(Supplementary Fig. 5b). Biochemical analysis showed that
mutL.IR4/6/7 abolished the interaction between STING and
LC3 and failed to induce the conversion of LC3 into LC3-II
(Fig. 4g). Furthermore, purified GST-LC3 was able to pull
down wild-type STING, but not the STING single LIR
mutants LIR 4, 6, 7, or the triple LIR mutant LIR4/6/7
(Fig. 4h). Moreover, co-immunoprecipitation assays
showed that more endogenous STING-LC3-II complex
formed in response to poly(dA:dT) stimulation with

SPRINGER NATURE

chloroquine (CQ) treatment (Fig. 4i). To further demon-
strate that STING acts as a specific autophagy receptor to
mediate its own autophagic degradation, we performed
rescue experiments in the Sting knockout cells. Wild-type
STING restored the induction of LC3-II in poly(dA:dT)-
stimulated Sting knockout cells, whereas the mutLLIR4/6/7
failed to do so (Fig. 4j). Importantly, wild-type STING, but
not the mutLLIR4/6/7 mutant, restored the induction of LC3-
II triggered by cGAMP in Sting knockout cells (Fig. 4k).
Therefore, these data reveal that STING directly interacts
with LC3 through its conserved LIR motifs to induce
autophagy.

STING activation is required for its autophagy
induction

It has been reported that STING-cGAMP complex forma-
tion and STING dimerization are essential for its activation
and subsequent interferon production in response to cyto-
solic DNA [2, 5]. We observed that TBK1 activation
occurred prior to autophagy induction following poly(dA:
dT) and cGAMP treatments, which implies that STING
activation is required for the induction of autophagy. To
test this, we generated a series of mutations of the con-
served residues that were reported to be critical for STING
dimerization and cGAMP-binding [34-36]. These mutants
greatly inhibited TBK1 phosphorylation and IFN-f pro-
duction (Fig. 5a, d and Supplementary Fig. 6). Firstly, we
performed western blotting assays and found that over-
expression of STING dimerization mutants, including the
single site mutations (W161A, Y164A, and [165R) and the
triple sites mutation (W161A/Y164A/I165R), failed to
promote LC3-II conversion (Fig. 5a). Moreover, immuno-
fluorescence microscopy showed that LC3 punctum for-
mation was abolished in Sting knockout HeLa cells
transfected with these dimerization mutants when com-
pared with the wild-type STING (Fig. 5b). Accordingly,
impaired STING dimerization disrupted STING-LC3
complex formation (Fig. 5c). In addition, cGAMP-
binding mutants of STING, including the single site
mutations (S162Y, Y167W, Y240S, and E260A) and the
tetrad sites mutation (S162Y/Y167W/Y240S/E260A), were
transfected into Sting knockout HeLa cells, which were
further subjected to immunoblotting analysis. Compared to
wild-type STING, these mutants abolished LC3-II con-
version, suggesting that cGAMP-STING interaction is
required for autophagy induction (Fig. 5d). In addition,
these mutants significantly reduced the accumulation of
LC3 dots and attenuated the formation of STING-LC3
complexes (Fig. Se, f). Taken together, these results indi-
cate that STING dimerization and cGAMP binding are
required for autophagy induction.
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TBK1 and IRF3 are not required for STING-induced
autophagy

As TBKI1 is able to phosphorylate p62 and OPTN [24, 25],
two important autophagy receptors, we next asked whether
STING downstream signaling is involved in STING-
induced autophagy. RNA interference (RNAi) experi-
ments to knock down the STING downstream kinase TBK1
and the transcription factor IRF3 had no obvious effects on
STING-induced autophagy (Fig. 6a, b). Neither TBK1 nor
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IRF3 deficiency blocked the increase of LC3-II levels and
LC3 punctum formation induced by poly(dA:dT) stimula-
tion (Fig. 6¢c—f). It has been reported that the C-terminus of
STING (aa341-379) is required and sufficient for interac-
tions with TBK1 and IRF3, which facilitate IRF3 activation
by TBK1 [13]. As shown in Fig. 6g, the C-terminal trun-
cation (A340-379) of STING was unable to activate
downstream phosphorylation of TBK1 and IRF3. Similar to
wild-type STING, this truncation still effectively promoted
LC3-II conversion and LC3 punctum formation (Fig. 6g, h).
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<« Fig. 4 STING has autophagy receptor properties and directly interacts

with LC3 via its LIR motifs. a Sting knockout HeLa cells were
transfected with the indicated plasmids for 24 h. Cells lysates were
incubated with protein G agarose beads and indicated antibody at 4 °C
overnight, then immunoblotted. b Sting knockout HeLa cells were co-
transfected with GFP-LC3 and Flag-vector or Flag-STING plasmids.
Cell lysates were subjected to immunoprecipitation with protein G
agarose beads and immunoblot analysis with anti-GFP. ¢ Purified GST
or GST-LC3 proteins were incubated with lysates of HeLa cells
transfected with a plasmid expressing HA-STING at 4 °C overnight.
Immunoblot analysis was then carried out to detect the interaction
between STING and LC3. Ponceau S staining shows the abundance of
the GST and GST-LC3 proteins. d Graphical representation of the
STING protein showing the three domains and the seven potential LIR
motifs. The N-terminal domain contains 4 transmembrane regions
(TM1-4), the CBD domain binds to c-di-GMP, and the C-terminal
domain contains the cytoplasmic tail. The amino acid sequences of the
predicted LIR motifs are indicated. e Sting knockout HeLa cells were
transfected with plasmids encoding GFP-LC3 and wild-type STING or
its LIR motif mutants. Formation of LC3 puncta was detected by
immunofluorescence microscopy. f Quantification of the numbers of
LC3 dots per cell (mean +s.d.; n>100 cells from three independent
experiments). Scale bar: 10 um. ***P <0.001. g Sting knockout HeLa
cells were transfected with control vector (Flag-3.0), or plasmids
expressing wild-type Flag-STING or its triple LIR motif mutant. Cell
lysates were subjected to immunoprecipitation and immunoblot ana-
lysis of the interaction between LC3 and STING or its mutants. h
GST-fused LC3 proteins were incubated with lysates of HeLa cells
transfected with plasmids carrying genes for wild-type STING or the
indicated mutants at 4 °C overnight. Immunoblotting was then per-
formed to analyze the association between LC3 and STING or its
mutants. Ponceau S staining shows the abundance of GST-LC3 pro-
teins. i MEF cells were stimulated with or without poly(dA:dT) or
chloroquine (CQ), then lysates were subjected to co-
immunoprecipitation and immunoblotting to analyze the interaction
between endogenous STING and LC3. j Immunoblot analysis of LC3-
II expression levels in Sting wild-type and knockout HeLa cells
expressing the indicated plasmids with or without poly(dA:dT) sti-
mulation. Quantification of LC3-II expression levels in j is shown in
the right panel (mean % s.d.; from three independent experiments). *P
<0.05. k Immunoblot analysis of LC3-1I conversion in Sting wild-type
and knockout HeLa cells transfected with the indicated plasmids with
or without cGAMP stimulation. Quantification of LC3-II expression
levels in k is shown in the right panel (mean +s.d.; from three inde-
pendent experiments). “P <0.05, **P <0.01

Accordingly, co-immunoprecipitation experiments showed
that the truncated STING interacted with LC3 (Fig. 6i).
Collectively, our findings suggest that TBK1 and IRF3 are
dispensable for STING-induced autophagy.

HSV-1 induces STING-dependent autophagy

It is well-established that STING is triggered by a variety of
DNA viruses, such as Herpes Simplex Virus (HSV-1). We
next sought to demonstrate that STING induces autophagy
upon HSV-1 infection. Western blot assays showed that
HSV-1 induced LC3-II conversion in wild-type cells, but
not in Sting knockout cells (Fig. 7a). In addition, HSV-1
infection significantly increased LC3 punctum formation
and autophagic flux in wild-type but not Sting knockout

SPRINGER NATURE

cells (Fig. 7b—d). Inhibition of autophagy by chloroquine
led to the restoration of STING expression in HSV-1-
infected MEF cells (Fig. 7d). In order to further verify that
HSV-1-induced autophagy depends on STING, we carried
out rescue experiments in Sting knockout cells. The failure
of HSV-1 infection to induce LC3-II conversion in Sting
knockout cells was corrected by introduction of wild-type
STING but not the triple LIR mutant (Fig. 7e). Collectively,
these data showed that STING induces autophagy during
the process of viral infection.

Discussion

In the present study, we provide evidence to show that
STING functions as a potential autophagy receptor and
directly interacts with LC3 to mediate autophagy and its
own autophagic degradation in a non-canonical fashion.
We observed that the STING activators poly(dA:dT),
cGAMP and HSV-1 induced STING-dependent autophagy.
Also, STING deficiency failed to block starvation-induced
autophagy, suggesting that STING is specifically essential
for immunogenic stimulation-induced autophagy (Supple-
mentary Fig. 7). We identified that STING contains con-
served LIR motifs that directly interact with LC3 for the
activation of autophagy, leading to the degradation of
STING itself and p-TBK1 (Supplementary Fig. 1 and 2f,
Fig. 1). Mutation of STING LIR motifs abolished its
interaction with LC3 and its capacity to restore autophagy
induction in Sting knockout cells. We also found that HSV-
1 infection induces STING-dependent autophagy, and
wild-type STING, but not its LIR mutants, restored the
induction of autophagy in Sting knockout cells during
HSV-1 infection. Interestingly, we found that ectopic
expression of STING induces autophagy even in the
absence of p62 (Supplementary Fig. 4g—i). It is possible
that p62 is necessary, but not sufficient, for STING-
dependent autophagy. Recent study by Thaneas Prabakaran
et al. shows that STING is targeted for autophagic degra-
dation in a p62-dependent manner [30]. They showed that
in response to dsDNA treatment STING is ubiquitinated
and recruited to p62-positive compartments. STING fails to
tracffic to autolysosome in p62-deficient cells, suggesting
that p62 facilitates STING degradation via autophagosome
formation. We did observe that p62 colocalizes with
STING and becomes degraded when STING is activated
(Fig. 2). It appears that the ubiquitination of STING helps
the recruitment of p62, a well characterized autophagy
receptor, to facilitate autophagic degradation of STING for
fine tuning the innate immune response. More studies are
warranted to understand the interplay between STING and
p62 for their involvements in autophagy and immune
regulation. It is also surprising to find that STING activates
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autophagy in the absence of ULKI, Beclinl, and Atg9a
(Fig. 3). Previous reports have shown that ULK1 is able to
phosphorylate STING on S366 to promote subsequent
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STING degradation, and Atg9a controls translocation of
STING [7, 29]. We found that the S366A mutant of STING
is still able to effectively promote LC3-II conversion and
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Fig. 5 STING activation is essential for the activation of autophagy. a
Sting knockout HeLa cells were transfected with plasmids encoding
wild-type Flag-STING or its dimerization mutants (W161A, Y164A,
I165R, and W161A/Y164A/1165R) for 24h. Lysates were then
immunoblotted to analyze LC3-II conversion. Quantification of LC3-1I
and P-TBK1 expression levels in a is shown in the right panel (mean +
s.d.; from three independent experiments). *P<0.05, **P<0.01. b
Sting knockout HeLa cells were transfected with plasmids expressing
GFP-LC3 together with control vector (Flag-3.0), wild-type Flag-
STING or the indicated STING dimerization mutants. LC3 punctum
formation was assessed by immunofluorescence microscopy. Scale
bar: 10 um. Quantification of the numbers of LC3 puncta per cell in b
is shown below the confocal images (mean +s.d.; n> 100 cells from
three independent experiments). ***P < 0.001. ¢ Sting knockout HeLa
cells were transfected with the indicated plasmids for 24 h, and the cell
lysates were incubated with protein G agarose beads and indicated
antibody at 4 °C overnight, then immunoblotted to analyze the inter-
action between LC3 and STING or its dimerization mutants. d
Immunoblot analysis of the expression levels of LC3-II in Sting
knockout HeLa cells transfected with Flag-tagged STING or its
¢GAMP-binding mutants (S162Y, Y167W, Y240S, E260A, and
S162Y/Y167W/Y240S/E260A). Quantification of LC3-II and P-TBK1
expression levels in d is shown in the right panel (mean +s.d.; from
three independent experiments). “P < 0.05. e Plasmids encoding GFP-
LC3 together with wild-type STING or its cGAMP-binding mutants
were transfected into Sting knockout HeLa cells for 24 h, and the LC3
dots were detected by immunofluorescence microscopy. Scale bar: 10
um. Quantification of the numbers of LC3 dots per cell in e is shown
below the confocal images (mean=*s.d.; n>100 cells from three
independent experiments). ***P<0.001. f Co-immunoprecipitation
and immunoblot analysis of the interaction between LC3 and STING
or its cGAMP-binding mutants in Sting knockout HeLa cells

LC3 punctum formation (data are not shown), suggesting
that ULK1-mediated STING phosphorylation on S366 is
dispensable for STING-induced autophagy. Tatsuya Saitoh
et al. reported that Atg9a limits dsDNA-induced innate
immune responses by regulating the assembly of STING
and TBK1 without affecting the translocation of STING
from the ER to the Golgi apparatus [7]. However, the
precise mechanism by which Atg9a affects STING is not
clear. We and others have shown that Atg9a traffics
between the plasma membrane and TGN to deliver mem-
branes as a source for autophagosome formation [37-39].
Several other selective auto(mito-)phagy receptors, such as
FUNDCI1, mediate auto(mito-)phagy in the absence of
BECNI gene [40]. A recent report shows that STING
mediates a constitutive cell-autonomous phagocyte
response specifically to Gram-positive bacteria and func-
tions to alleviate ER stress by removing stressed ER
membranes (ER-phagy) [28]. STING exhibits a punctate
expression pattern reminiscent of autophagosomes, and co-
localizes with several autophagy proteins such as p62 and
LC3 upon activation (Tatsuya Saitoh et al., 2009, and our
study) [7]. As the ER is a major membrane source for
autophagosome formation, it is possible that STING acti-
vates the ATGS5-dependent core autophagy machinery to
regulate innate immune signaling.

SPRINGER NATURE

Our results uncover dual roles of STING in immune
activation and autophagy. We observed that STING
activation is an early event, which is immediately fol-
lowed by its own autophagic degradation together with
degradation of p-TBK1. Under physiological conditions,
STING exists as a weak dimer. Upon binding of activators
or ligands, STING undergoes activation and translocation
from the ER to the Golgi apparatus and the perinuclear
compartments, which further activates the TBKI-IRF3
axis, resulting in type I IFN production [10]. Extensive
biochemical and structural studies have identified some
critical dimerization and c-di-GMP binding sites of
STING [34-36]. We showed that a series of mutations
that abolish STING dimerization and cGAMP-binding
also failed to induce LC3-II conversion and LC3 punctum
formation, and prevented STING from interacting with
LC3. This suggests that the cGAMP binding and dimer-
izing activities are indispensable for STING-induced
autophagy. Further structural analysis revealed that the
LIR motifs of STING are partially exposed to the cytosol
upon activation (data are not shown), providing an
effective platform for the direct interaction of STING with
LC3. We also noted that phosphorylated TBK1 is sub-
jected to STING-induced autophagic degradation,
whereas the unphosphorylated form remains stable
(Fig. 1g, h, and Supplementary Fig. 2f). We found that
inhibition of autophagy by chloroquine significantly
reduced the degradation of STING and p-TBK1 (Fig. 1g,
h), while the proteasome inhibitor MG132 had limited
effect. This implies that only the activated TBK1 within
the STING-p62 complex is prone to autophagic degra-
dation. It is possible that STING-TBKI1 interaction may
facilitate the exposure of the LIR motifs in STING. Such a
mechanism is consistent with literature showing that
autophagy, namely the ATG gene products such as ATGS
and ATGI16LI1, plays an active role in preventing unne-
cessarily over-exuberant inflammatory responses and
resistance to pathogens infection to ensure a measured
response [19, 41-43]. Our results further extended these
findings by suggesting that STING directly couples
immune activation with autophagy to negatively regulate
the immune response. Further studies will be directed
towards understanding the structural basis of the STING-
TBKI1 interaction for immune activation and the STING-
LC3 interaction for autophagy induction.

Materials and methods

Antibodies and reagents

The rabbit antibodies against TBK1 (3013), IRF3 (4302), p-
IRF3 (Ser396, 4947), STING (13647), and ATGS (12994)
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2025), and protein G agarose beads were obtained from
Santa Cruz. The mouse antibodies specific for Beclin-1
(612113) and calnexin (610523) were from BD
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<« Fig. 6 TBKI1 and IRF3 are not required for STING-induced autop-

hagy. a—b Immunoblot analysis of LC3-II conversion in HeLa cells
transfected with the indicated siRNAs and increasing amounts of
STING plasmid. Quantification of LC3-II expression levels in a-b is
shown in the right panel (mean=z+s.d.; from three independent
experiments). “P <0.05, **P<0.01. c-d HeLa cells were transfected
with the indicated siRNAs, then stimulated with poly(dA:dT) or not.
The LC3-II expression levels were evaluated by western blotting.
Quantification of LC3-II expression levels in c—d is shown in the right
panel (mean +s.d.; from three independent experiments). P <0.05.
e—f Hela cells stably expressing GFP-LC3 were transfected with the
indicated siRNAs and subsequently stimulated with poly(dA:dT) for 4
h. LC3 dot formation was observed by immunofluorescence micro-
scopy. Quantification of the numbers of LC3 puncta per cell and the
knockdown efficiency of IRF3 and TBKI1 are shown on the right
(mean +s.d.; n> 100 from three independent experiments cells). Scale
bar: 10 pm. ***P <0.001. g HeLa cells were transfected with increasing
amounts of plasmids expressing wild-type Flag-STING or the C-
terminal truncation (A340-379). Cell lysates were subjected to western
blotting analysis with the indicated antibodies. Quantification of LC3-
II expression levels in g is shown below the Fig. 6g (mean + s.d.; from
three independent experiments). “P<0.05. h HeLa cells were co-
transfected with plasmids encoding GFP-LC3 and wild-type Flag-
STING or the C-terminal truncation mutant. Formation of LC3 puncta
was then observed by immunofluorescence microscopy. Scale bar: 10
um. Quantification of the numbers of LC3 dots per cell in h is shown
below the confocal images (mean=*s.d.; n>100 cells from three
independent experiments). ***P < 0.001. i Co-immunoprecipitation and
immunoblot analysis of the interaction between LC3 and STING or its
C-terminal truncation (A340-379) in Sting knockout HeLa cells

Biosciences. The following antibodies were purchased from
Sigma: anti-LC3 (L8918), anti-Flag (F1804), anti-Actin
(A8481), and anti-HA (H9658). The rabbit anti-ATG9A
(ab108338) and anti-p-TBK1 (Ser172, ab109272) were
bought from Abcam. The rabbit antibody against ATPB
(17247-1-AP) and ATG7 (10088-2-AP) was from Pro-
teintech, and the rabbit anti-p62 (PMO045) was purchased
from MBL. The protein A agarose beads were bought from
Invitrogen. The secondary antibodies used for immuno-
fluorescence in this study were as follows: goat anti-mouse
IgG Alexa Fluor-568 (Molecular Probes, A11004) and anti-
rabbit IgG Alexa Fluor-647 (Molecular Probes, A21244).
Earle’s Balanced Salt Solution (EBSS) (SH30014.08) was
from HyClone. Dual-luciferase reporter assay system was
ordered from Promega.

Both poly(dA:dT) (tlrl-patn-1) and cGAMP (tlrl-
nacga23-1) were purchased from InvivoGen, and were used
at a final concentration of 1 pg/ml or 5 pug/ml for MEF cells
or Hela cells, respectively. Chloroquine and MG132 were
bought from Sigma and used at a final concentration of 20
uM/ml or 10 pM/ml.

Plasmids and virus
Flag-STING, IFN-B luciferase reporter gene and pRL-TK
plasmids were kindly provided by Dr Shuai Chen (Sun Yat-

sen University Cancer Center, Guangzhou, China). HA-
STING plasmid was a gift from Dr Zhengfan Jiang (Peking

SPRINGER NATURE

University, Beijing, China). STING mutants (LIR1-7
mutants, LIR4/6/7 mutant, WI161A, Y164A, I165R,
WI161A/Y164A/M165R, S162Y, Y167W, Y240S, E260A,
S162Y/Y167W/Y240S/E260A, and A340-379) were gen-
erated according to the manufacturer’s (Stratagene, 200521)
protocols. HSV-1 virus was kindly provided by Dr Hongyu
Deng (Institute of Biophysics, Chinese Academy of Sci-
ences, Beijing, China).

Cell culture and transfection

Sting wild-type and knockout MEF and HeLa cells were
shared by Dr Zhengfan Jiang (Peking University, Beijing,
China) [44]. The following HeLa cell lines were generated
in the lab: p62-knockout, ULKI-knockout, Atg9a-knockout,
ATGS5-knockdown, and BECNI-knockdown. MEF cells,
HeLa cells, MCF-7 cells, and HepG2 cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM, Invitrogen)
supplemented with 10% fetal bovine serum (FBS, Hyclone)
at 37°C in 5% CO,. Indicated plasmids were transfected
into cells with MegaTran 1.0 (OriGene) according to the
manufacturer’s instructions. Poly(dA:dT) and cGAMP were
transfected into cells using Lipofectamine 2000 according
to the manufacturer’s protocols.

Immunoprecipitation and immunoblotting

Cells were harvested and lysed with lysis buffer (20 mM
Tris, pH7.4, 2mM EGTA, 1% NP-40) plus protease inhi-
bitors. After centrifugation, the lysates were incubated with
specific antibodies and protein A beads (Invitrogen) or
protein G beads (Santa Cruz) at 4 °C overnight. The beads
were washed three times with lysis buffer, followed by
immunoblotting analysis with the indicated antibodies. For
the immunoblotting, cells were collected and lysed with
lysis buffer, and then lysates were run on SDS-PAGE and
transferred to nitrocellulose membranes. The membranes
were blocked with 5% fat-free milk for 2 h at room tem-
perature, then incubated with the indicated primary anti-
bodies at 4 °C overnight and HRP-conjugated secondary
antibodies for 3h at room temperature. Immunoreactive
bands were visualized with a chemiluminescense kit
(Tanon, Shanghai, China).

RNA interference (RNAI)

The siRNAs used in this study were all synthesized by
RiboBio (Guangzhou, China). Cells were transfected with
RNAI oligonucleotides using Lipofectamine 2000 reagent
(Invitrogen) according to the manufacturer’s instructions.
The RNAIi sequences used in this study were as follows: si-
TBK1, 5- CACAAAUUUGAUAAGCAAA-3’; and si-
IRF3, 5'-GGAGUGAUGAGCUACGUGA-3'.
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Fig. 7 HSV-1 induces STING-dependent autophagy. a Sting wild-type
and knockout MEF cells were infected with or without HSV-1 at a
multiplicity of infection (MOI) of 1 for the indicated time. Cell lysates
were then immunoblotted to analyze the LC3-II conversion. Quanti-
fication of LC3-II expression levels in a is shown in the right panel
(mean £s.d.; from three independent experiments). P <0.05, **P<
0.01. b Sting wild-type and deficient MEFs were transfected with
GFP-LC3 plasmid with or without HSV-1 infection. Immuno-
fluorescence microscopy was used to detect the formation of LC3
puncta. Scale bar: 10 pm. ¢ Quantification of the numbers of LC3
puncta per cell in b (mean +s.d.; n> 100 cells from three independent

Immunofluorescence microscopy

Cells were transfected with the indicated plasmids or cyclic
dinucleotides, or infected with HSV-1 virus. The cells were
fixed with 4% formaldehyde for 15 min at 37 °C and per-
meabilized with 0.2% Triton X-100 for 15 min at 4 °C.
Then the permeabilized cells were blocked and incubated
with the indicated primary antibodies at 4 °C overnight,
followed by incubation with fluorescence-conjugated sec-
ondary antibodies at room temperature for 1 h. The images
were observed using an LSM 510 Zeiss confocal micro-
scope (Carl Zeiss Jena, Germany).

GST pulldown assay

GST and GST-LC3 proteins were expressed and purified
from Escherichia coli Rosetta (DE3). Cell lysates were
incubated with prepared GST or GST-LC3 protein at 4 °C
overnight, and then washed three times with phosphate-
buffered saline (PBS). The precipitated complex was boiled

O

b GFP-LC3

Numbers of LC3 dots per cell

HSV-1 Oh 8h Oh 8h
wr Sting
e WT Sting-KO
o 5
S © © o /:2 '\{S
S55968
S o O > ¥
T T O
il 3
HSV-1 + + o+ 4+
LC3-I — kD *
LGl | e — - 17 (| .

reg [
100
P-TBK1 70
TBK1 [ o e e e e [ 100
[— 55
Actin | — e em——

Lane 1 2 3 4 5 6

LC3-II / Actin
Y
]

[ 3
-;

experiments). “**P < 0.001. ns not significant. d Sting wild-type and
knockout MEF cells were treated with or without HSV-1 or chlor-
oquine (CQ), and autophagic flux was detected by western blotting.
Quantification of LC3-II expression levels in d is shown in the right
panel (mean +s.d.; from three independent experiments). *P <0.05. e
Immunoblot analysis of LC3-II expression levels in Sting wild-type
and knockout HeLa cells expressing the indicated plasmids with or
without HSV-1 infection. Quantification of LC3-II expression levels in
e is shown in the right panel (mean=+s.d.; from three independent
experiments). “P <0.05, **P<0.01

for 5 min with loading buffer and subjected to SDS-PAGE
and immunoblotting. The nitrocellulose membrane was
stained with Ponceau S and then incubated with the indi-
cated antibodies.

Ubiquitination assay

MEEF cells were transfected with poly(dA:dT) at a final
concentration of 1 ug/ml, with or without Chloroquine or
MG132 treatment. Then the cells were harvested and lysed
with IP buffer, followed by incubation with protein A beads
and indicated antibody at 4 °C overnight. Beads were
washed three times with IP buffer and boiled for 5 min
together with loading buffer. Prepared samples were sub-
jected to immunoblotting.

Electron microscopy

Hela cells were transfected with Flag-vector or Flag-STING
plasmids for 24 h. The cells were washed with PB and fixed
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in 2.5% glutaraldehyde for 1 h at room temperature and then
overnight at 4 °C. After five washes with PB, the samples
were fixed with 1% osmium tetroxide containing 0.8%
potassium ferricyanide on ice for 1.5 h. Then the samples
were washed with PB and water, stained with uranyl acet-
ate, dehydrated with ethyl alcohol, and embedded in resin,
which was polymerized for 24 h at 65 °C. Subsequently, the
samples were sectioned, doubly stained with uranyl acetate
and lead citrate, and observed using an electron microscope
(Tecnai G2 F20 TWIN TMP).

Dual-luciferase reporter assays

Cells were transfected with plasmids carrying an IFN-f
luciferase reporter gene and pRL-TK together with empty
vector or STING wild-type or mutant plasmids for 24 h.
Then the cells were collected and lysed. Subsequently, IFN-
B luciferase activity was measured with the dual-luciferase
reporter assay system (Promega) according to the manu-
facturer’s protocols. Data were normalized by the ratio of
firefly luciferase activity to renilla luciferase activity.

Statistical analysis

All experiments were performed in triplicate, and a two-
tailed Student’s ¢ test was used to assess the significance of
the data. A P value 0f<0.05 was considered significant. All
statistical calculations were carried out with Image J and
GraphPad Prism 7 software.
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